Recent results and future prospects in the rare kaon-decay experiments at KEK, BNL, CERN and FNAL are reviewed. Emphasis is placed on the quark flavor dynamics in the flavor-changing neutral current processes. Experimental and data-analysis techniques developed in the rare decay experiments are discussed.
Introduction
The history of rare kaon-decay physics began in 1964 with the unexpected evidence for the CP violating K 0 L → π + π − decay 1) at the sensitivity of 10 −3 . This discovery, which in later stimulated Kobayashi and Maskawa 2) to introduce the third generation of quarks and leptons, was one of the major contributions of kaon physics toward establishing the Standard Model (SM). Another famous contribution was the absence of kaon decays due to flavor-changing neutral current (FCNC), K 0 L → µ + µ − , K + → π + e + e − and K + → π + νν, in 1960's. The GIM mechanism 3) explained it with the unitary matrix for weak-eigenstate mixing. All of these had been achieved in advance of the charm-quark discovery in 1974.
The next theoretical milestone emphasized here was so-called "Inami-Lim loop functions" 4) in 1981 for FCNC processes with heavy quarks and leptons. In addition to the continual searches for decays at higher level than the SM predictions, the anticipation of detecting rare kaon decays in the SM range got more and more realistic with the rise of the top-quark mass. The first evidence for the K + → π + νν decay reported by the E787 collaboration 5) in 1997 opened a new era of "testing the SM by measuring rare processes". In the current experiments (tab.1), with millions of kaon decays per second by highintensity proton synchrotrons, searches and measurements with the sensitivity of 10 −7 ∼ 10 −12 are being performed; these are the frontiers that no other heavy-flavor physics can reach at present. The FCNC process in kaon decays is strange-quark to down-quark transition and is induced in the SM by the W and Z loop effects as Penguin and Box diagrams ( fig.1 ). The top-quark in the loops dominates the transition because of its heavy mass, and the quantity λ t :
where A, λ, ρ and η are the Wolfenstein parameterization of the CabibboKobayashi-Maskawa(CKM) matrix, is measured. The decays are rare due to λ 5 , and are precious because the important parameters ρ and η can be determined from them. The decay amplitude of K 0 L is a superposition of the amplitudes of K 0 andK 0 and is proportional to the imaginary part of V td (and to η); 
The branching ratio of the K + → π + νν decay is represented in the SM as:
where X(x t ) is the Inami-Lim loop function with the QCD correction, x t ≡ m The E787 and E949 collaborations for a study of K + → π + νν and related decays measure the charged track emanating from K + decays at rest.
The π + momentum from K + → π + νν is less than 227MeV/c, while the major background sources of
63.5%) are two-body decays and have monochromatic momentum of 205MeV/c and 236MeV/c, respectively ( fig.4 ). The region "above the K π2 " between 211MeV/c and 229MeV/c is adopted for the search. Background rejection is essential in this experiment, and the weapons for redundant kinematics measurement, µ + rejection, and extra-particle and photon veto are employed. Each weapon should have a rejection of 10 5 ∼ 10 6 , and reliable estimation of these rejections using real data is the key of the experiment. Final results from E787 were announced 24) about five months after the XXI Physics in Collision conference was held, including a new 1998 data set of comparable sensitivity to the 1995-1997 data set already reported 25) . One new event was observed in the new data set, bringing the total for the combined data set to two ( fig.6 ). Including all data taken, the backgrounds were estimated to contribute 0.15 ± 0.05 events. The branching ratio of the K + → π + νν decay was 1.57 
The branching ratio of the neutral counterpart, the K 0 L → π 0 νν decay, is represented in the SM as:
and the SM prediction is (2.6±1.2)×10 −11 15) . A model-independent bound 27)
can be extracted from its isospin-relation to the K + → π + νν decay.
In comparison with the K + case, K 0 L → π 0 νν has some advantages.
• The theoretical uncertainty, ∼1%, is smaller.
background has to be worry about.
•
However, the following severe difficulties exists.
• The signal is an in-flight K 0 L decay into "π 0 plus nothing" in a neutral beam line with plenty amount of π 0 's coming from K 0 L decays and neutrons, which could easily create π 0 's with residual gas.
• No kinematic constraint (initial kaon, decay vertex, ...) is available with the usual techniques for neutral kaon experiments.
• The expected branching ratio is low enough.
To beat the major background from K KTEV collaboration 29) with their one-day special run; an upper limit on the branching ratio was determined to be < 1.6 × 10 −6 based on one event in the signal region with the background estimate of 3.5 ± 0.9 events.
6 Future prospects in K → πνν experiments
is the issue of kaon physics in the next five to ten years. In the ρ-η plane, the height of the "unitarity triangle" is proportional to B(K 0 L → π 0 νν) 1/2 and a side of it is to B(K + → π + νν) 1/2 . The area of the triangle is proportional to so-called "Jarlskog invariant" 30) in kaon sector:
and is directly related to these decay modes 5 . If both branching ratios are measured with ∼10% precision (∼100 signal events) with highly sophisticated and special-purpose detectors, the triangle is determined with good precision 5 A constraint on |λ t | from K + → π + νν sets an upper limit on Im(λ t ).
only from the information in kaon sector. Comparing with the triangle by Bmeson system, it can be tested whether the source of CP violation is only from the CKM phase or not. is measured with TOF technique and the decay can be analyzed in the K 0 L rest frame. A combination of the pre-radiator and Shashlik calorimeter intends to measure the timing, energy, position and angle of low energy photons and fully reconstruct the decay. The goal of KOPIO is to observe 50 signal events in the SM with a signal-to-background ratio of 2.
For K + → π + νν, the CKM experiment 34) ( fig.10 ) intends to study the decay mode with in-flight K + decays for the first time. A RF-separated 22GeV/c K + beam and RICH technique for particle identification are used.
The goal of CKM is to collect 100 signal events in the SM with 10 background events.
Blind analysis
A technique of "blind analysis" is widely used in the field of rare kaon-decay experiments. The principal idea is to hide the answer in order to avoid human bias. The procedure is as follows. At first, the signal region ("BOX") in multi-dimensional "cut" space 6 is pre-determined. Other cuts are chosen without looking at the events inside the BOX, and are frozen. Background estimates in the regions "outside-the-BOX", where the background-to-signal ratio is expected to be higher than that in the signal region, are compared with the number of events observed in them, and in the final step the BOX was opened and the number of signal events is counted. With the same philosophy, in measuring a branching ratio, asymmetry, polarization and so on, some blind numbers are added or multiplied until looking at the result in the final step. One of the main reasons to take blind analysis in rare decay searches is, we expect only a handful signal events, even if we succeed to detect, and we should be careful to avoid playing with them (adjust a cut to remove or save a candidate event, ...) in the analysis.
CKM Apparatus

T-violating transverse muon polarization in
Though the K + → π 0 µ + ν itself (branching ratio = 3.18 ± 0.18% 14) ) is not rare, here is a good example of looking beyond the SM by precisely measuring a decay property with high statistics. The transverse muon polarization P T of the K + → π 0 µ + ν decay (the perpendicular component of muon spin vector relative to the decay plane determined by the momentum vectors of muon and pion in the K + rest frame) is a T-odd quantity, and a nonzero value of P T indicates violation of T invariance. Any spurious effect from final-state interactions is small, because no charged particle other than muon exists in the final state. P T due to the CP violation in the SM is as small as 10
while new sources of CP violation could appear in the polarization at the level of 10 −3 .
The E246 collaboration 36) measures the charged track and photons from K + decays at rest with the superconducting toroidal spectrometer (consisting of 12 identical, 0.9-Tesla spectrometers arranged in rotational symmetry), which enables to control possible sources of the systematic error in polarization measurement. No transverse polarization (−0.33 ± 0.37 stat ± 0.09 syst )% was observed by a preliminary result from the the E246 collaboration 37) with their 1996-1998 data set. Combined with the 1999-200 data set, which is being analyzed, the error in P T is expected to be reduced to 0.003. E246 reported the form factors of the K + → π 0 e + ν decay 38) . The PDG's combined results 14) for the ratio of the strengths of scalar and tensor couplings to that of the vector coupling (f S /f + (0) and f T /f + (0), respectively) differ from zero and contradict the V-A interaction in the SM. After analyzing the observed Dalitz plots containing 41 K events from their special trigger runs in 1996-1997 with two sets of magnetic field (0.65 Tesla and 0.9 Tesla) in the spectrometer, f S /f + (0) = −0.002 ± 0.026 stat ± 0.014 syst and f T /f + (0) = −0.01 ± 0.14 stat ± 0.09 syst were determined. These values are consistent with the SM prediction of zero. E246 also reported the ratio of the K + → π 0 µ + ν and K + → π 0 e + ν decay widths 39) 0.671 ± 0.007 stat ± 0.008 syst .
Lepton flavor violation in kaon decays
Lepton flavor (LF) violation has been studied for more than 50 years, and is a current topic of particle physics because of recent results on neutrino oscillation and theoretical predictions to the processes induced by Supersymmetric loop effects. There are new proposals to search for the µ + → e + γ decay at 10 −14 in PSI 40) and the µ − N → e − N conversion at 5 × 10 −17 in BNL 41) .
Experimental search for LF violation in kaon decays (K
7 also has a long history. The experimental limit on neutrino masses and mixing more than 10 years ago, unfortunately, had already restricted the branching ratio of the K L → µ ± e ∓ decay, for example, to be less than 10 −15 even with possible Left-Right asymmetry 42) . Introducing Supersymmetric models would not change the situation so much because "Super-GIM" suppression mechanism is expected for both quark and lepton sectors 43) . The advantage of kaon decays is to be able to investigate the LF violating process involving both quarks and leptons with the highest sensitivity. Assuming a number for quarks and leptons in the same generation (1 for down-quark and electron, 2 for strange-quark and muon, ...) due to Horizontal Symmetry or Compositeness or Leptoquarks, the net number is conserved in the LF-violating kaon decays. The mass of hypothetical generation-changing gauge boson for tree-level effects should be a few hundred TeV scale 44) . was set by a preliminary result from the KTEV collaboration 46) with their 1997 data set based on two events in the signal region with the background estimate of 0.61 ± 0.56 events. An upper limit on the branching ratio of the K + → π + µ + e − decay < 2.8 × 10 −11 was set by the E865 collaboration 47) with their 1995-1996 data set (zero events in the signal region) and the result of an earlier experiment E777 48) . Combined with the 1998 data set, which is being analyzed, the limit is expected to reach ∼ 1.5 × 10 −11 .
E865 reported the upper limit on the branching ratio of the K + → µ + µ + π − decay 49) < 3.0 × 10 −9 . This decay is a neutrino-less "double muon" decay changing total lepton number by two and provides a unique channel to search for effects of Majorana neutrinos in the second generation. 9.1 ± 1.9 7.2 ± 0.5 7.18 ± 0.17 K < 500 < 21 < 2.8
Summary
Let us summarize the progress in the field of kaon rare decays in the last 15 years (tab.2). The experimental results reported in this article (PIC-01) are compared to the results on Review of Particle Properties in 1986 (PDG-86) 50) , when I started particle physics as a graduate student, and in 1996 (PDG-96) 51) , when the first round of rare decay experiments are completed. The improvements were enormous between 1986 and 1996, and about an order of magnitude of improvements are achieved in the last 5 years. We do expect further improvements and potential discoveries by the next round of experiments in the next five to ten years.
